There is concern among ophthalmologists about the increase in the aged population because it will be accompanied by an increase in the number of senile cataract patients. At present, cataracts are the major and most serious cause of human blindness. Cataract formation results from the aggregation and insolubilization of lens proteins, and there is an increase in the amount of water-insoluble proteins in the human lens with cataracts. 1, 2) The major proteins of the mammalian lens are mainly composed of three types of crystallin, a-, b-, and g-crystallins.
The major proteins of the mammalian lens are mainly composed of three types of crystallin, a-, b-, and g-crystallins. 3, 4) a-Crystallin consists of two subunits, aA-and aB-crystallin. Recent studies suggested that a-crystallin might play an important role in the inhibition of aggregation and insolubilization of lens proteins or cataract formation. [5] [6] [7] [8] This inhibitory action of a-crystallin is referred to as chaperone-like activity. [9] [10] [11] When a-crystallin shows chaperonelike activity, it is reported that it is necessary to form a huge complex of approximately 40 units of a-crystallin subunits and to capture other crystallin species and/or denatured proteins at the end of the complex. [12] [13] [14] Recent studies also suggested that the decrease in chaperone-like activity of a-crystallin might induce aggregation and insolubilization of lens proteins. 15, 16) However, little is known about the factors that reduce the chaperone-like activity of a-crystallin and their detailed mechanism of action.
In the present study, we attempted to clarify this problem using human lens protein and examining the kinetics of crystallin-crystallin interaction using surface plasmon resonance on the BIAcore system. The recently developed BIAcore biosensor instrument allows real-time analyses of biospecific interactions by detecting surface plasmon resonance signals and is applicable to various studies of structure-function relationships of macromolecules of interest. [17] [18] [19] [20] Employing the BIAcore system, we performed the first analysis of crystallin-crystallin interaction in real time and estimated its kinetic binding constant.
Here, we report that a-crystallin showed strong self-interaction, while binding activities to other crystallin species was extremely weak. This study also demonstrated that the activity of mutual interaction of a-crystallin decreases abruptly after the age of 20 years. This study also demonstrated that the self-binding activity of a-crystallin is due to the aAcrystallin subunit. It was also found that aB-crystallin was superior to aA-crystallin in binding to b-and g-crystallin.
MATERIALS AND METHODS

Lenses
Normal human lenses were donated by Dr. Joseph Horwitz, the Jules Stein Eye Institute Eye Bank, University of California, Los Angeles. These lenses were obtained at autopsy from eyes removed 4 to 8 h after death. The human lenses used in this experiment were derived from three groups: Ͼ20, Ͼ40, and Ͼ60 years of age. Upon removal, the lenses were stored at Ϫ80°C in a refrigerator until use.
Preparation of Crystallin Species from Human Lens Each human lens was homogenized with 1.5 ml of 0.05 M phosphate buffer, pH 7.0, containing 0.15 M NaCl, 0.02% NaN 3 , and 0.01 M EDTA at 4°C. After centrifugation at 15000ϫg at 4°C for 30 min, the supernatant was fractionated through Sephacryl S-300 (4ϫ100 cm) at 4°C. The first peak fraction was collected and rechromatographed on a Superose6 column (1.6ϫ50.0 cm column) with the same phosphate buffer at a flow rate of 0.5 ml/min to separate acrystallin and high molecular weight (HMW) proteins. Each fraction was pooled, and the respective pooled fractions were rechromatographed on the same column with the same eluate and purified.
aA-and aB-Crystallin were isolated from the a-crystallin fraction (Superose6 column chromatography) by ion-exchange chromatography on a BIOscale Q5 column (5 ml) (Bio Rad Laboratories) using a gradient HPLC system (Ternary Gradient Unit LG980-02, JASCO Corporation, Japan). After unabsorbed protein on the column was washed out with 5 mM Tris-HCl in 6 M urea (pH 8.0), a linear gradient elution of 50 mM Tris-HCl to 200 mM Tris-HCl in 6 M urea (pH 8.0) was applied over 140 min.
The respective fractions obtained by chromatography were pooled and dialyzed two times against 1000 ml of 0.1 M Tris-HCl (pH 7.6) using a dialysis membrane (Spectro/Pro, Cellulose ester membrane, molecular weight cutoffϭ1000) for 24 h. Then the inner solution was lyophilized and stored at Ϫ80°C until use. The purity of each fraction was monitored by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Tryptic Digestion Each lyophilized fraction containing approximately 10 nmol of protein was digested with trypsin (sequence grade, Boehringer Mannheim) at 1 : 50ϭenzyme : protein, in 100 ml of 0.1 M Tris-HCl, pH 7.6, for 24 h at 37°C. The digests were chromatographed on a Wakosil 5C18 column (0.46ϫ25 cm, 5 mm) using a gradient of 0-50% acetonitrile in 0.1% trifluoroacetic acid over 150 min. The UV absorbance was monitored at 230 nm. The fractions were collected, lyophilized, and identified by FAB-MS and by a protein sequencer.
Biomolecular Interaction Analysis (BIAcore) Realtime detection of crystallin-crystallin interaction and kinetic analysis were performed using the BIAcore system (Pharmacia Biotech). Basically, the 1.5 mg of the purified material as a ligand was immobilized to a CM5 sensor chip on a BIAcore instrument using procedures described in the manufacturer's manual. A continuous flow of Hanks' balanced salt solution (HBS) buffer (10 mM HEPES with 0.15 M NaCl, 3.4 mM EDTA, and 0.005% surfactant P20, pH 7.4) was maintained over the sensor surface. The carboxylated dextran matrix on the sensor surface was activated by 7-min injection (flow rate: 5 mg/ml) of a solution containing 0.2 M N-ethyl-NЈ-(3-diethylaminopropyl)carbodiimide and 0.05 M N-hydroxysuccinimide. Then crystallins as analytes were dissolved in HBS buffer containing 20 mM HEPES (pH 7.0) and passed over an immobilized ligand at a flow rate of 2 ml/min for 25 min. Binding of the analyte with the ligand was monitored in real time by the increase in the relative resonance unit (RU) in the sensorgram. The surface of the sensor chip was regenerated by elution with 15 ml of 0.1 M sodium acetate (pH 2.3), containing 0.15 M NaCl. The rate constants of association (k a ), dissociation (k d ), and association constants (K A ) were calculated using software supplied by the manufacturer and the procedure of Karlsson et al. 21) The procedure was based on the equation dR/dtϭk a CR max Ϫ(k a Cϩk d )R t , where R max is the maximum RU response at saturation of the ligand with bound analyte, R t is the response at time t, and C is the concentration of injected analyte. The rate constants were calculated from a line with slope Ϫ(k a Cϩk d ) given by a plot of dR/dt versus R t , and the association constant (K A ) was subsequently determined by k a /k d using BIAcore evaluation software.
Other Analyses The protein concentration was measured by the method of Bradford. 22) Bovine serum albumin 1.39 mg/ml was used as a standard. SDS-PAGE was carried out on 12.5% gels by the methods of Laemmli 23) and Henzel et al. 24) 
RESULTS
Preparation of Crystallin Species from Human Lens
Respective crystallins of human lens were prepared by gel filtration chromatography (Figs. 1A, B) and by ion exchange chromatography (Fig. 1C) . The purity of each crystallin was monitored by SDS-PAGE, as shown in Figs. 2A, and B . Each crystallin showed several bands on the gel ( Fig. 2A) , because the respective crystallins are composed of several subunits.
Kinetic Analysis of Crystallin-Crystallin Interaction by Surface Plasmon Resonance To study the kinetic parameters of the crystallin-crystallin interaction using the BIAcore system, purified crystallin as a ligand was immobilized on sensor chip matrices. The amount of crystallin immobilized was approximately 10 ng/mm 2 . Then crystallin as an analyte was passed over the matrix, and the binding of the analyte to the matrix was monitored and graphed. The graphs obtained were defined as sensorgrams.
First, the binding activities of a-, b-, and g-crystallin with themselves and with other crystallins were studied. Figure 3 shows sample sensorgrams of the inteaction of a-crystallin with itself and with other crystallins. The kinetic parameters obtained are listed in Table 1 . The result showed that the mutual interaction of a-crystallin was extremely strong compared with other crystallin species. Thus the changes in the binding activities of a-crystallin with itself and with other crystallins were examined using lenses in the 20-year age group (22, 25, 27 years of age), 40-year age group (41, 44, 46 years of age), and 60-year age group (61, 63, 66 years of age). The results indicated that the binding activity of mutual interaction of a-crystallin was extremely strong in the 20-year age group. However, the activity decreased suddenly to one-seventh in older age groups. The binding of a-crystallin with b-crystallin declined slightly, and that with g-crystallin increased gradually with age, as shown in Table 2 .
Subsequently, we examined which subunit of a-crystallin played the most important role in aggregation of lens pro- The experimental data represent the mean of three separate experiments with the same samples.
teins. The kinetic parameters were obtained in this experiment using sensor chip-immobilized aA-and aB-crystallin, respectively. The results indicated that the mutual interaction of aA-crystallin was stronger than that of other subunits. The binding activities of b-and g-crystallin, and aB-crystallin were stronger than those of aA-crystallin to other crystallins by three to four folds. The kinetic parameters are shown in Table 3 .
Prediction of Binding Site of Mutual Interaction of a aACrystallin The mutual interaction of aA-crystallin was markedly stronger than other interactions. To predict the binding site of the mutual interaction of aA-crystallin, aAcrystallin was digested with trypsin, and the tryptic peptides generated were fractionated by HPLC. The 21 tryptic peptides, inclusive of free amino acids, obtained were assigned in the previous paper. 25) Then the binding sites of aA-and aA-crystallin were predicted from the K A values interactions between aA-crystallin and its tryptic peptides according to the method of Malmborg et al. 26) Among them, only two peptides (amino acid residues: 22-49 and 120-145) indicated K A values [fragment 1ϭ2.55ϫ10 5 (1/M); fragment 2ϭ3.17ϫ10 5 (1/M)] as shown in Fig. 4 . These two tryptic peptides consist of 28 and 26 amino acid residues, and their isoelectric points are 3.92 and 3.62, respectively. The isoelectric points were calculated by the method of Skoog and Wichman.
27) The kinetic parameters of other tryptic peptides could not be detect, because binding affinities were too small. From these results, we assumed that the binding site of the mutual interaction of aA-crystallin may require an acidic atmosphere and a region with from 25 to 30 amino acid residues.
DISCUSSION
Recently, the surface plasmon resonance method has been applied to the study of protein-protein interactions and various findings have been reported. [18] [19] [20] In the present study, we also applied this technique to investigate the aggregation of lens proteins. It has been well established that with aging and cataract formation there is an increase in the amount of water-insoluble proteins in the human lens. 1, 2, 28, 29) These water-insoluble proteins have been investigated in a number of studies to clarify the mechanism of cataract formation. 30, 31) However, there are discrepancies among the results of various studies regarding the composition and biophysical properties of the water-insoluble fractions.
Applying the surface plasmon resonance method, the present study demonstrates that a-crystallin has a strong selfbinding activity and that its affinity is caused by aA-crystallin. On the other hand, aB-crystallin had stronger binding activity than aA-crystallin to b-and g-crystallin. Furthermore, it was clarified the binding activity of a-crystallin decreased with age, especially over the age of 20 years. We assumed that the decrease in the binding activity of a-crystallin would reduce the chaperone-like activity of a-crystallin after the decline in complex formation consisting of approximately 40 units of a-crystallin subunits. [12] [13] [14] For this reason, we hypothesize that the aggregation and insolubilization of lens proteins proceeds in aged lenses.
Using tryptic peptides of aA-crystallin, we attempted to predict the binding site involved in the mutual interaction of aA-crystallin because to our knowledge there have been no such investigations reported to date. We found that two tryptic peptides bound strongly to aA-crystallin. Those peptides consisted of 26 and 28 amino acid residues. In addition, they had extremely acidic isoelectric points. It therefore appears that the mutual binding interaction of aA-crystallin is due to electrostatic power. However, the mechanism responsible for forming a huge complex for chaperone-like activity and for binding between a-crystallin molecules is not clear. We are currently planning experiments to clarify the detailed mechanism.
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